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Graphene is a single layer of carbon with exceptional physical properties and chemical stability. 
The electronic band structure and chemical reactivity of graphene can be modified and enhanced 
by distorting the carbon-carbon bonds. Strained graphene exhibits different electrical, chemical 
and wetting properties from that flat graphene. However, controlling anisotropic wrinkles of 
graphene still remains challenging. 
 
Here we propose new methods to create tensile strain in graphene on metal and semiconductor 
surfaces. Nanoscale and random graphene wrinkles were generated by the mismatch of thermal 
expansions of a bilayer. The bilayer comprised of aluminum (Al) or silicon (Si) and polymethyl 
methacrylate (PMMA) film, and graphene was then transferred on top of the bilayer. Random 
wrinkles were formed by heating the composite above the glass transition temperature of 
PMMA, due to the coefficient of thermal expansion of PMMA was greater than the Al and Si. In 
the end, strain in graphene was confirmed and quantified by the Raman spectra. 
 
To control anisotropic wrinkles of graphene, two techniques were explored. The first technique 
applied polydimethylsiloxane (PDMS) molds on the surface of the composite during the heating 
process. The second patterned the Si (by photolithography and plasma etching prior transferring 
graphene. Both techniques generated few microns of wrinkles. We anticipated that both 






I would like to thank Dr. Gracias for not only generously providing me with the opportunity and 
resources to work independently at Johns Hopkins University, but also guiding me in becoming a 
more creative and innovative researcher. I would like to thank Dr. Wang for agreeing to be the 
second reader for my thesis and the privilege of collaborating with his group. In addition, I would 
like to thank Dr. Pereira for my position as a teaching assistant. 
 
I acknowledge support for my research from the National Science Foundation CMMI-1635443 
and from the AFOSR. 
 
I would like to thank Dr. Yang from the University of Illinois at Urbana-Champaign who provided 
the platform for me to explore and expand my knowledge in nanotechnology.  
 
Last but not least, I would like to sincerely thank my parents and brother for supporting and 















ABSTRACT ................................................................................ II 
ACKNOWLEDGMENTS ........................................................ III 
FIGURES .................................................................................... V 
TABLES ................................................................................. VIII 
CHAPTER 1. THREE-DIMENSIONAL GRAPHENE ............. 1 
1.1. FUNDAMENTALS OF GRAPHENE ............................... 1 
1.2. APPLICATIONS OF STRAINED GRAPHENE ............... 5 
1.3. METHODS TO FABRICATE GRAPHENE WRINKLES . 6 
CHAPTER 2. STRATEGIES TO WRINKLE GRAPHENE ON 
METAL AND SEMICONDUCTOR SURFACES .................. 12 
2.1. INTRODUCTION ............................................................. 12 
2.2. EXPERIMENTAL SECTION ........................................... 16 
2.4. CONCLUSION .................................................................. 32 
CHAPTER 3.  NANOSCALE GRAPHENE WRINKLES ON 
SILICON ................................................................................... 33 
3.1. INTRODUCTION ............................................................. 33 
3.2. EXPERIMENTAL SECTION ........................................... 33 
3.3. RESULTS AND DISCUSSION ........................................ 35 
3.4. CONCLUSION AND FUTURE WORK .......................... 38 
REFERENCES ......................................................................... 39 







Figure 1. Examples of Two Dimensional Materials. (a) Black 
phosphorus. (b) Graphene. (c) Hexagonal boron nitride. (d) 
Molybdenum disulfide. 
 
Figure 2. (a) Physical and (b) Chemical Approaches to Modify 
Properties of Graphene. 
 
Figure 3. Raman Spectra of Graphene under Tensile and 
Compressive Strains. (a) Scheme of graphene under tensile strain. 
(b-c) Raman spectra of graphene (1-3 layers) under tensile strain. 
(d) Graphene under tensile and compressive strain by stretching 
PDMS. (e-f) Raman spectra of graphene under tensile and 
compressive strain. 
 
Figure 4. Properties and Applications of Strained Graphene. (a) 
Calculated band gap of strained graphene. (b)  Chemical 
reactivity of strained graphene. (c) Graphene pressure sensor.  (d) 
Graphene gas sensor. 
 
Figure 5. Top-Down Techniques to Control Graphene Wrinkles. 
(a) Thermal expansion. (b) Pre-stretched elastomer. (d) 
Photopolymer. (e) Heat-shrink polymer. 
 
Figure 6. Raman Spectra of Graphene Wrinkles. (a) Tensile strain 
on graphene by photopolymer and (b) Compressive strain on 
graphene by heat-shrink polymer. 
 
Figure 7. Formation of Al Wrinkles due to mismatch of thermal 
expansion between the top and bottom materials. (a) Scheme of 
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produce Al wrinkles due to mismatch of thermal expansions. (b) 
AFM images of Al wrinkles. 
 
Figure 8. Examples of Aligning Al Wrinkles by Soft-
lithography. 
 
Figure 9. Formation of Al or Si Wrinkles in This Work. 
 
Figure 10. Schematic of Aligning Al Wrinkles by Soft-
lithography 
 
Figure 11. Schematic of Plasma Assisted Wrinkles 
 
Figure 12. AFM images of Controlling the Morphologies of Al 
Wrinkles by Varying the Thickness of PMMA. (a) 100 nm. (b) 
200 nm. (c) 400 nm. (d) 600 nm. (e) 800 nm. The scale bar is 10 
um. 
 
Figure 13. Measurement of Al Wrinkles with Different Thickness 
of PMMA. (a) Wavelengths of the Al wrinkles. (b) Heights of the 
Al wrinkles. 
 
Figure 14. Comparison of Predicted and Measured Al Wrinkles. 
Predicted Al Wrinkles (Orange line) and Measured Al Wrinkles 
(Blue dots).  
 
Figure 15. Aligning Al Wrinkles (50 nm Al and 600 nm 
PMMA) by Soft-lithography. The scale bar is 10 um. 
 
Figure 16. Aligning Al Wrinkles (50 nm Al and 800 nm PMMA) 
by Soft-lithography. The scale bar is 10 um. 
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Figure 17. AFM images of Controlling the Morphologies of Si 
Wrinkles by Varying the Thickness of PMMA. (a) 100 nm. (b) 
200 nm. (c) 400 nm. (d) 600 nm. (e) 800 nm. The scale bar is 10 
um. 
 
Figure 18. Measurement of Si Wrinkles. (a) Wavelength of the Si 
wrinkles. (b) Height of the Si wrinkles. 
 
Figure 19. Comparison of Predicted and Measured Si Wrinkles. 
Predicted Si Wrinkles (Orange) and Measured Si Wrinkles (Blue 
dots).  
 
Figure 20. Plasma Assisted Wrinkles (Type 1). The features were 
protected. 
 
Figure 21. Plasma Assisted Wrinkles (Type 2). The features were 
etched. 
 
Figure 22 AFM images of Si Nanowrinkles (5nm Si and 50 nm 
PMMA). 
 
Figure 23. Graphene on Si Nanowrinkles (5nm Si and 50 nm 
PMMA). The scale bar is 1 um. 
 
Figure 24. Raman Spectra of Nanoscale Si Wrinkles with 







Table 1. Physical Properties of Graphene. 
 
Table 2. Summary of Al and PMMA Properties. 
 
Table 3. Theoretical and Measured Wavelengths of Si Wrinkles 
(5nm Si/ 50 nm PMMA). 
 
Table 4. Peak Positions of Flat and Wrinkled Graphene. 
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CHAPTER 1. Three-Dimensional Graphene  
 





Figure 1. Examples of Two Dimensional Materials. (a) Black phosphorus. (b) Graphene. (c) 
Hexagonal boron nitride. (d) Molybdenum disulfide. Reprinted by permission from 
Macmillan Publishers Ltd: Nature Photonic [1], copyright (2014) 
 
 
Graphene, a monolayer of sp2 hybridized carbon atoms was first discovered in 2004 when Dr. 
Geim and Dr. Novoselov exfoliated graphite by Scotch tapes [19]. The discovery created numerous 
research opportunities globally, with more than 90,000 articles related to graphene related 
published, due to the remarkable properties and performance of graphene in various applications. 
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Table 1. Physical Properties of Graphene [2]. 
Hybridization sp2 
Thickness (nm) 0.345 
Young’s Modulus (TPa) 1 
Measured Surface Area (m2 g-1) ~1500 
Optical Transmittance (%) 97.7 
Thermal Conductivity (W m-1 K-1) 4840-5300 







Figure 2. (a) Physical and (b) Chemical Approaches to Modify Properties of Graphene. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Materials [3], copyright 
(2013) Reprinted by permission from Macmillan Publishers Ltd: Nature Communication 
[4], copyright (2013) 
 
 
Graphene is a zero band gap material with high chemical resistance. The material is capable of 
sustaining extreme conditions, such as mechanical deformation and heat (Table 1) [2]. The 
intrinsic properties of graphene were ideal for operating in harsh environments, such as detecting 
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toxic chemicals and computer operations. To enhance the chemical reactivity and create band gap 






Figure 3. Raman Spectra of Graphene under Tensile and Compressive Strains. (a) Scheme 
of graphene under tensile strain. (b-c) Raman spectra of graphene (1-3 layers) under tensile 
strain. (d) Graphene under tensile and compressive strain by stretching PDMS. (e-f) Raman 
spectra of graphene under tensile and compressive strain. Reprinted with permission from 




Graphene is sensitive to external force, such as tensile and compressive forces [5,6]. Magnitude of 
tensile and compressive forces that act upon graphene can be characterized by Raman 
spectroscopy. Ni et al. analyzed how Raman spectra of graphene would be changed under uniaxial 
strain. (Figure 3. a-c). Graphene was first transferred on top of a polyethylene terephthalate (PET) 
film, and tensile strain (0-0.8%) was applied on the graphene by pulling PET in one direction. Red 
shifts of 2D and G bands were observed under tensile strain with slopes of the 2D and G bands 
found to be -27.8 cm-1 and –14.2 cm-1 per 1% strain respectively.  
 
On the other hand, Bissett et al. demonstrated that graphene could be compressed by stretching 
polydimethylsiloxane (PDMS) (Figure 3. d-f) [5]. The 2D and G bands were shifted in an opposite 
direction when the PDMS was stretched, and the blue shift of the 2D band indicated that the 
graphene was under compressive strain (-0.30%). The compressive strain on the graphene was due 
to the high Poisson’s ratio of PDMS, the compressive force was applied perpendicular to the 















Figure 4. Properties and Applications of Strained Graphene. (a) Calculated band gap of 
strained graphene. (b)  Chemical reactivity of strained graphene. (c) Graphene pressure 
sensor.  (d) Graphene gas sensor. Reprinted with permission from [5,7,8,9]. Copyright (2008, 
2013, 2016, 2015) American Chemical Society  
 
 
Strained graphene has shown different physical and chemical properties than its relaxed state. For 
instance, Ni et al. calculated that band gap of graphene was directly proportional to tensile strain 
(Figure 4. a) [5], which suggested that strained graphene could served as a semiconductor. 
Although Ni et al. did not measure the electrical conductivity of the strained graphene, the work 
created a new research area to investigate the potential applications of strained graphene. Bissett 
et al altered the chemical reactivity of graphene by introducing compressive strain in graphene 
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(Figure 4. b) [7]. Three different aryl diazonuim salts were examined, and Bissett et al. observed 
a general trend that reactivity of graphene was enhanced significantly when compressive strain 
was applied. Bissett et al. believed that the compressive strain reduced the activation energy of the 
reaction. 
 
Many applications have been developed by leveraging the properties of strained graphene, such as 
measuring gas pressure and sensing toxic gases. Smith et al studied how a suspended graphene on 
a cavity responded to gas pressure (Figure 4. c) [8]. Graphene was deformed when gas pressure 
was applied, which resulted tensile strain in graphene. The electrical resistance of graphene was 
found to be directly related to strain and pressure. The graphene sustained multiple cycles making 
it a good candidate as a gas sensor. In addition, Kumar et al. built a gas sensor sensitive to both 
mechanical strain and NO2, a toxic gas (Figure 4. d) [9]. The gas senor was fabricated by simply 


















Figure 5. Top-Down Techniques to Control Graphene Wrinkles. (a) Thermal expansion. (b) 
Pre-stretched elastomer. copyright (2013) Reprinted by permission from Macmillan 
Publishers Ltd: Nature Nanotechnology [10], copyright (2009) Reprinted by permission 
from Macmillan Publishers Ltd: Nature Material [3], copyright (2013), Copyright © (2013) 






Strained graphene has excellent prospects in different applications, however deploying strained 
graphene in practical applications remains challenging. To maintain uniform strain in graphene, 
nano and micro fabrications play an important role. This section covers versatile top-down 
techniques to reserve strain in graphene by creating graphene wrinkles with precision.  
 
Periodic wrinkles of graphene were first demonstrated by Bao et al [10], and graphene wrinkles 
were formed due to a mismatch of thermal expansion between graphene and Si/SiO2. Graphene 
was suspended on Si/SiO2 trenches, and graphene wrinkles were observed after thermal annealing. 
The wrinkles were produced in the direction that was perpendicular to the silicon trenches (Figure 
5. a). To study the reversibility of wrinkled and crumpled graphene, Zang et al. transferred 
graphene on pre-stretched elastomers (Figure 5. b) [3]. Wrinkles and Crumples of graphene were 







Figure 5. Top-Down Techniques to Control Graphene Wrinkles. (d) Photopolymer. (e) Heat-
shrink polymer. Reprinted with permission from [12,13]. Copyright (2014, 2016) American 
Chemical Society. 
 
Further research exploring the manipulation of anisotropic graphene wrinkles have been conducted 
by different groups. Hallam et al. showed that folded graphene were printed on wafers by patterned 
elastomeric stamps (Figure 5. c) [11]. The width of the wrinkles was less than 25 nm and the length 
was between 30 and 120 nm. To achieve continuous and uniform wrinkles of graphene, shape 
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memory polymers were utilized. Florio et al. deposited graphene on a photosensitive polymer film, 
and the graphene partly adapted the shape of the photosensitive polymer after the film exposure to 
the laser (Figure 5. d). Recently, Lee et al. wrinkled graphene on commercially available heat-
shrink polymer substrates. Homogeneous graphene wrinkles were tuned from nano to micro scales, 




Figure 6. Raman Spectra of Graphene Wrinkles. (a) Tensile strain on graphene by 
photopolymer and (b) Compressive strain on graphene by heat-shrink polymer. Reprinted 
with permission from [12,13]. Copyright (2014, 2016) American Chemical Society. 
 
 
summarizes the results of the G-band peak positions along with
the respective standard deviations at different positions of the
surface relief grating in comparison to those of the unstrained
graphene multilayer.
For the unstrained graphene multilayer, we recorded a peak
position of (1581.6 ± 0.5) cm−1 (see Figure 2 and Table 1),
which is in good agreement with G-band center frequencies
(∼1581 cm−1) reported previously.24−26,32,37 For all positions
along the surface relief grating, we observe a softening of the
phonon G-band (Figure 4d), resulting in a red shift of the peak.
The morphology of the grating changes upon inscription. The
relative stress in the polymer film is transferred to the graphene
multilayer, which tries to adapt to the surface corrugations and
consequently reflects the deformation. This causes a general
tension on the surface of the film with variations at top hill and
valley positions.
The results for frequency shift Δν between the G-band of the
graphene multilayer on the surface relief grating (SRG)
polymer (νp) and the unstrained graphene multilayer (G-ML)
(ν0) are summarized in Table 1. The C−C ring vibration of the
chromophore νC−C at 1586 cm
−1 is close to ν0 (1582 cm
−1).
This results in an increased error for the result of the fit for the
peak position of ν0 (±0.5 cm−1) compared to the standard
deviation of νp (±0.1 to ±0.2 cm−1). However, the difference in
Δν between top and bottom positions (−4.0 versus −5.4 cm−1)
clearly exceeds the experimental uncertainty (see Table 1).
On the basis of our experimental results, we conclude that
the strain in valleys of the surface relief grating exceeds the
strain at other positions. This agrees with a prior observation
that in 10−15 nm deposited gold on polymer film cracks were
exclusively found in the valleys of the grating, indicating
increased stress at the valley positions.21 Using Δν we can
quantify the strain ε and the internal pressure p. For strained
graphene, a linear relation between Δν and ε holds.24−26 For
monolayer26 graphene, a value of Δν/ε = (−14.2 ± 0.7) cm−1/
% and for three-layer26 graphene a value of (−12.1 ± 0.6)
cm−1/% has been reported. Here, for the multilayer graphene
layer we use the value for the three-layer graphene to deduce a
lower limit of the strain in our probe (see Table 1).
In the case of uniaxial strain, the G-band of a monolayer
graphene is split into two sub-bands G+ and G− with a value of
(−5.6 ± 1.2) and (−12.5 ± 2.6) cm−1/%, respectively, due to
symmetry breaking.24 Therefore, we have also tested the
stability of our fit by assuming two lines, G+ and G−,24 as well as
a potential third contribution of unstrained graphene in the
upper layer of the graphene multilayer. However, in all cases
Figure 4. Multicomponent spectral fitting at (a) top hills, (b) midslopes, and (c) bottom valleys of the surface relief grating. The chromophore νC−C
peak is colored in green and the graphene G-band in black. (d) Summary of the G-band shift for the respective positions on the SRG (a−c) in
reference to unstrained graphene (see also Table 1).
Table 1. Fitted Peak Position νp and Standard Deviation of the Mean σ, Frequency Shift Δν = νp − ν0 Compared To ν0 =
(1581.6 ± 0.5) cm−1 of Unstrained Graphene Multilayers (G-ML) on a Flat Polymer Prior to Inscription of an SRGa
SRG + G-ML νp (cm
−1) σ (cm−1) Δν (cm−1) ε (%) p (GPa)
top, hill 1577.6 0.1 −4.0 ± 0.5 0.33 ± 0.04 0.85 ± 0.10
midslope 1577.8 0.1 −3.8 ± 0.5 0.31 ± 0.04 0.81 ± 0.10
bottom, valley 1576.2 0.2 −5.4 ± 0.5 0.45 ± 0.04 1.15 ± 0.10
aShown is also the deduced values for strain ε (Δν/ε = (−12.1 ± 0.6) cm−1/%26), and pressure p (Δν/p = 4.7 cm−1/GPa38).
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re oved after rinsing with ethanol. Finally, the prestrain in the
system was reli ved by heating the substrate above the PS glass
tr n ition temper ture (Tg) t enerat the graphene wrinkles.
W inkles were formed beca se of the differ nc b tween the
Young’s moduli of the skin layer and the substrate.15−17
Wrinkle orientation can be further controlled by selecting the
direction of global strain relief; uniaxial strain (ε1D) formed
highly ordered 1D wrinkles, and biaxial strain (ε2D) generated
Figure 1. Fabrication of graphene nanowrinkles. (a) Scheme of the process to fabricate 1D and 2D graphene nanowrinkles. (b) Height and (c)
current mapping of 2D wrinkles at the PS/graphene boundary by conductive AFM.
Figu 2. Characteristics of graphene crumpl s a wrinkle . (a) SEM image of graphene crumples formed by 2D strain. The inset scheme and the
yellow dots show the points of delamination between the crumple valleys and the underlying PS substrate. SEM images show tunable wavelengths of
(b) disordered 2D wrinkles and (c) ord red 1D wri kles. (d) Quantification f λ for graphene and PS wrinkles as a function of skin thickness (h).
(e) Raman spectra of graphene wrinkles and crumples with different orientations.
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removed after rinsing with ethanol. Finally, the prestrain in the
system was relieved by heating the substrate above the PS glass
transition temperature (Tg) to generate the graphene wrinkles.
Wrinkles were formed because of the difference between the
Young’s moduli of the skin layer and the substrate.15−17
Wrinkle orientation can be further controlled by selecting the
direction of global strain relief; uniaxial strain (ε1D) formed
highly ordered 1D wrinkles, and biaxial strain (ε2D) generated
Figure 1. Fabrication of graphene nanowrinkles. (a) Scheme of the process to fabricate 1D and 2D graphene nanowrinkles. (b) Height and (c)
current mapping of 2D wrinkles at the PS/graphene boundary by conductive AFM.
Figure 2. Characteristics of graphene crumples and wrinkles. (a) SEM image of graphene crumples formed by 2D strain. The inset scheme and the
yellow dots show the points of delamination between the crumple valleys and the underlying PS substrate. SEM images show tunable wavelengths of
(b) disordered 2D wrinkles and (c) ordered 1D wrinkles. (d) Quantification of λ for graphene and PS wrinkles as a function of skin thickness (h).
(e) Raman spectra of graphene wrinkles and crumples with different orientations.
Nano Letters Letter
DOI: 10.1021/acs.nanolett.6b03415




Tensile or compressive strain was found in graphene wrinkles. For example, Florio et al. observed 
that different degrees of tensile strain were found in the graphene wrinkles (Figure 6. a) [12], and 
the G band of the graphene wrinkles was red shifted. In addition, graphene wrinkles experienced 
more tensile strain at the valley of the polymer grating than in comparison with different locations 
agreement with the previous result. Compressive strain in graphene wrinkles was detected on top 
of heat-shrink polymer substrates, and the 2D band of the graphene wrinkles was blue shifted 
significantly [13]. 
 
In conclusion, tensile or compressive strain in graphene can be generated by different approaches 
according to the Raman spectra. Top-down techniques that utilized polymer substrates produced 
good quality and high yield of graphene wrinkles (Figure 6. b, d-e). The Raman spectra suggests 
that increasing the surface area of a substrate can create tensile strain in graphene, and reducing 














CHAPTER 2. Strategies to Wrinkle Graphene on 
Metal and Semiconductor Surfaces 
 
2.1. Introduction  
 
 
Graphene wrinkles have received much attention and opened up numerous research opportunities 
as discussed in the previous chapter. However, only suspended graphene wrinkles and graphene 
wrinkles on polymer substrates were explored. Many studies revealed that graphene can be 
influenced chemically by metal and semiconductor. For instance, Wang et al showed that 
chemical reactivity of graphene can manipulated by the underlying substrate [28]. In comparison 
with semiconductor and insulator substrates, the chemical kinetic of graphene supported on 
Al2O3 and SiO2 had enhanced. In this chapter, a process that generated isotropic and anisotropic 
metal and semiconductor wrinkles was demonstrated, including experiments and simulations. 
The technique to wrinkle metal and semiconductor surfaces was utilized to produce graphene 






Figure 7. Formation of Al Wrinkles due to mismatch of thermal expansion between the top 
and bottom materials. (a) Scheme of produce Al wrinkles due to mismatch of thermal 
expansions. (b) AFM images of Al wrinkles. Copyright © (2004, 2002) by John Wiley & Sons, 
Inc. Reprinted by permission of John Wiley & Sons, Inc [14, 15]. 
 
 
Ordered wrinkles of metal surfaces was first discovered by Bowden et al. in 1998, and the wrinkles 
were driven by the mismatch of thermal expansion and Young’s module between gold and 
elastomeric substrate (PDMS) [16]. The Au layer avoided the expanded PDMS to return its 
original size, because the coefficient of thermal expansion of PDMS is greater than gold (Au), and 
and the Young’s modulus of Au is larger than PDMS.  A thin layer of Au was deposited on top on 
a PDMS via thermal evaporation, and sufficient heat caused the PDMS to expand during the 




A similar approach to generate wrinkles was shown by Yoo et al (Figure 7. b), and anisotropic 
wrinkles were aligned by soft lithography [15]. A thin polystyrene (PS) film was first deposited 
on a silicon wafer by spin-coating. A 50 nm of aluminum (Al) was evaporated on top of the PS 
film. PS has higher glass transition temperature (>100 oC) than PDMS, so PS did not expand during 
the evaporation. The Al wrinkles were generated by heating the substrate above the glass transition 
temperature of the PS film (Figure 7. a). To align the wrinkles, patterned PDMS stamps (e.g. lines 
and squares) were placed on top of the substrate during the annealing process (Figure 8.).  
 
Recent studies show that nanoscale metal wrinkles can be achieved by reducing the thickness of 
metal and polymer layers. Zhang et al produced wrinkles with wavelengths of about 500 nm. 
Instead of depositing 50 nm of Al, 5 nm of Au were evaporated on top of an ultrathin PS film [17]. 
Also, the experimental results had a good agreement with the theoretical calculation. From the 
same group, Guo et al developed an innovative technique to direct the Au wrinkles [18]. The 
bilayer was patterned by laser direct writing, and anisotropic wrinkles were created by heating 
above the glass transition temperature of PS. The Young’s modulus in the laser- exposed area was 





        
 
Figure 8. Aligning Al Wrinkles by Soft-lithography. Copyright © (2002) by John Wiley & 






Here we demonstrated a new method to create and manipulate wrinkles of silicon (Si) and 
polymethy-methacrylate (PMMA). PS was substituted with PMMA, because uniform PMMA can 
be easily prepared by spin-coating. In addition, PMMA has similar thermal properties as PS, such 
as thermal expansion and glass transition temperature. In previous studies, only metals were 
examined as the top layer. However, measuring electrical conductivity of graphene wrinkles on 
metal surfaces would be challenging. Instead of evaporating metals on PMMA, Si was deposited. 
In the end, aligning and controlling Al and Si wrinkles were explored. Si wrinkles were guided by 
combing photolithography and plasma etching. 
 
2.2. Experimental Section  
 
 
Fabrication of Metal/ Semiconductor and Polymer Bilayer  
 
 
The bilayer was prepared in two steps. Initially, different thickness (100 – 800 nm) of Polymethyl-
methacrylate (PMMA, 950K A Resist) on top of silicon wafers were prepared by spin-coating. 
The thickness of the PMMA film was controlled by the concentration of PMMA (2 -7%) and the 
spinning speeds (500 – 6000 rpm). PMMA on the wafer was baked at 125	  ℃ for 1 minute to 
remove excess solvent. 
 
Aluminum (Al) or silicon (Si) with a thickness of 50 nm was deposited on top of the PMMA by 
thermal evaporation. Silicon wafers were used as the silicon source. Briefly, materials were 
deposited when the vacuum chamber reached	  1	  ×10()	  psi, and the deposition rate was maintained 
at 0.5	  Å per second. 
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Figure 9. Formation of Al or Si Wrinkles in This Work. 
 
The bilayer was heated on top of a hot plate in an ambient environment for 24 hours, and the 
annealing temperature ranged from	  120 − 190	  ℃ (Figure. 9). The wrinkles were examined by 
optical microscopy and atomic force microscopy (AFM). 
 
 









Photolithography was utilized to fabricate the molds of the PDMS stamps. First, positive 
photoresist (MicroChem1805) was spun on top of a silicon wafer at 3000 rpm. After spin 
coating, the wafer was soft baked on a hotplate at 125	  ℃ for one minute. Features were created 
via exposure of the wafer to UV light within the mask aligner at an intensity of 50 mJ/cm2. 
Finally, the wafer was immersed in the developer (MC-351) for one minute, and rinsed and dried 
with water and nitrogen. 
 
The stamps to align wrinkles were constructed using PDMS and the photoresist masters. A 
premixed PDMS solution (10:1) was poured into a petri dish with the masters at 90	  ℃ for two 
hours. The patterned stamps were peeled off from the photoresist masters and placed directly on 
top on the bilayer. Aligned wrinkles were formed by annealing the bilayer at 120 − 190	  ℃ for 

























Patterning Wrinkles by Photolithography and Plasma Etching 
 
 
Figure 11. Schematic of Plasma Assisted Wrinkles 
 
Patterns of positive photoresist (MicroChem 1805) were fabricated on top of the Si and PMMA 
bilayer. The bilayer was inserted into the plasma etcher (60 watts, O2: 2 sccm, CF4: 20 sccm) for 
1 – 10 minutes. The photoresist was then removed by rinsing isopropanol. Patterns of wrinkles 










Figure 12. AFM images of Controlling the Morphologies of Al Wrinkles by Varying the 
Thickness of PMMA. (a) 100 nm. (b) 200 nm. (c) 400 nm. (d) 600 nm. (e) 800 nm. The scale 
bar is 10 um. 
 
 
PMMA as the polymer layer can be used to create Al wrinkles (Figure 12), and the results were in 
accordance with the observation of Yoo et al. The wavelengths and heights of the Al wrinkles were 
directly proportional to the thickness of PMMA. Initially, no Al wrinkles were found at the sample 
with 100 nm of PMMA (Figure 12. a), discontinuous Al wrinkles and dots appeared on 200 nm of 
PMMA. Continuous Al wrinkles were observed at 400 nm of PMMA, and Al wrinkles were 
enlarged as increasing the thickness of PMMA. Figure 13 presented the summary of the 
 21 







Figure 13. Measurement of Al Wrinkles with Different Thickness of PMMA. (a) 






















Figure 13. Measurement of Al Wrinkles with Different Thickness of PMMA. (b) Heights of 
the Al wrinkles. 
 
 
Wavelengths of the Al wrinkles were computed. Yoo et al derived the equation (1) to predict 
wavelengths of Al wrinkles by correlating the physical properties of metal and polymer, and the 
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By assuming PMMA had similar characteristics as PS, Young’s modulus and Williams- Landel-
Ferry constants of PS were applied in the calculations. All the values are listed in Table 2, and 









Table 2. Summary of Al and PMMA Properties [15]. 
 
Wavelength 𝜆  
Thickness of Metal 𝑡5	   50 nm 
Thickness of Polymer 𝑡A	   200 – 800 nm 
Young’s modulus of metal 𝐸5	   70 GPa 
Young’s modulus of polymer 
at the glass transition 
temperature 
𝐸AE	   3.2 GPa 
Young’s modulus of polymer 
at given temperature 
𝐸A	    
Poisson ratio of Metal 𝑣5	   0.33 
Williams-Landel-Ferry 
constant 
𝐶	   𝐶< = 12.7, 𝐶? = 49.8	  𝐾 
Annealing temperature 𝑇	   1 







Figure 14. Comparison of Predicted and Measured Al Wrinkles. Predicted Al Wrinkles 
(Orange line) and Measured Al Wrinkles (Blue dots). 
 
 
The trend of the Al wrinkles was predicted (Figure 14), and the simulation contained about 25% 
error.  The theoretical model was sensitive to the thickness of Al, PMMA and the Young’s 
modulus of PMMA. The thickness of Al and Young’s modulus of PMMA caused the major error 
in the simulation. Evaporating a uniform Al film was extremely difficult due to the limitation of 
the deposition.  Accuracy of the model would be greatly improved by obtaining a measured 
























Figure 15. Aligning Al Wrinkles (50 nm Al and 600 nm PMMA) by Soft-lithography. The 








Figure 16. Aligning Al Wrinkles (50 nm Al and 800 nm PMMA) by Soft-lithography. The 
scale bar is 10 um. 
 
Aligning Al wrinkles by soft lithography was first demonstrated by Yoo et al [15], and aligned Al 
wrinkles can be reproduced using PMMA. Morphologies of aligned Al wrinkles were controlled 
by varying the thickness of PMMA, and the results were matched with the findings of Yoo et al. 
Periodic Al wrinkles with 3 um spacing were created by using 3 um lines PDMS mold on the 
bilayer (Figure 15). The spacing between the Al wrinkles became wider when 800 nm of PMMA 





Figure 17. AFM images of Controlling the Morphologies of Si Wrinkles by Varying the 
Thickness of PMMA. (a) 100 nm. (b) 200 nm. (c) 400 nm. (d) 600 nm. (e) 800 nm. The scale 


















































Formation of Si wrinkles had a similar trend as the Al wrinkles. Discontinuous Si wrinkles and 
dots were observed with 100 nm of PMMA (Figure 17. a), and continuous Si wrinkles were found 
in 200 – 800 nm of PMMA (Figure 17. b – d). In contrast to Al wrinkles, Si wrinkles were easily 
formed with thin PMMA layers. Moreover, the wavelengths and heights of Si wrinkles were 
greater than the Al wrinkles (Figure 18) The Young’s modulus of Si is greater that the Al, therefore 






Figure 19. Comparison of Predicted and Measured Si Wrinkles. Predicted Si Wrinkles 





















The wavelengths of Si wrinkles were simulated with the mathematic model to evaluate the Al 
wrinkles (Figure 14). The overall results were similar to predicting the wavelengths and heights 
of the Al wrinkles. Again, the model could be improved by obtaining the correct Young’s 
modulus of PMMA and Si.   
 
 
Figure 20. Plasma Assisted Wrinkles (Type 1). The features were protected. Scale bars for 
a – c is 100 um, and scale bar for d is 10 um. 
 
 
A new technique inspired by Guo et al. was explored to control Si wrinkles [18]. The mechanism 
of creating the wrinkles is similar to bending. As the folding a single sheet of paper proves to be 
easier than a stack, and the folding of a tiny object more difficult than a large one, the same concept 
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was applied to the creation of Si wrinkles. The thickness of Si was controlled selectively by plasma 
etching and photolithography.  
 
Type 1 Si wrinkles were created by depositing small features of photoresist (e.g. squares and 
circles) during dry etching. Si wrinkles were only found in the areas that were not protected by the 
photoresist. In the protected areas, the areas were smaller and thicker than the unprotected areas. 
Therefore, deformation of Si was not favorable in the protected areas. 
 
 
Figure 21. Plasma Assisted Wrinkles (Type 2). The features were etched. Scale bars for a – 




Type 2 Si wrinkles were prepared by covering the majority area of photoresist with small openings 
(e.g. square and circles), and the Si was etched through the openings. Patterns of Si wrinkles were 
discovered, and the directions of the wrinkles can be controlled. Directional wrinkles in the 
protected area tended to develop at the sharp edges of the small features.  
In contrast to type 1 wrinkles (Figure 20. b), type 2 wrinkles were found in the areas of the features 
(Figure 21. b).  In the areas of the features, the thickness of the type 2 was thinner than the type 1, 
and only small amount of Si was etched in the type 2. Therefore, formation of type 2 wrinkles was 
favorable in the protected and unprotected areas. 
2.4. Conclusion  
 
In summary, random and aligned Al wrinkles demonstrated by Yoo et al can be reproduced by 
using PMMA rather than PS as the polymer layer. Also, the mathematics model that established 
by Yoo et al predicted the trend of the wavelengths of the Al wrinkles. The model contained an 
error percentage of 25%, accuracy could be improved should the Young’s modulus of PMMA be 
measured. Also, experiments were conducted to investigate Si as the top layer. Si wrinkles can be 
generated using PMMA as the polymer layer, and patterned Si wrinkles were created by 
photolithography and plasma etching.  
In the next chapter, coupling graphene and Si wrinkles were explored. An innovative method to 
transfer graphene on top of the Si/PMMA is discussed, and strain in graphene wrinkles analyzed 




Chapter 3.  Nanoscale Graphene Wrinkles on Silicon 
 
3.1. Introduction  
 
 
Si wrinkles in chapter 2 was an ideal platform to study strain in graphene. In order to measure 
significant strain in graphene, nanoscale Si wrinkles must be generated. In previous studies, 
nanoscale Au wrinkles were produced by reducing the thickness of the top and polymer layers. 
The results agreed with the theoretical predictions. In this chapter, fabricating nanoscale Si 
wrinkles was explored, and strain in graphene on nanoscale Si wrinkles was characterized by 
Raman spectroscopy.  
3.2. Experimental Section  
 
 
Fabrication of Semiconductor and Polymer Bilayer  
 
The bilayer was prepared by replicating the method discussed on chapter 2. Initially, 50 nm of 
PMMA, (950K A Resist) spun on top of a silicon wafer. The wafer was then baked at 125	  ℃ for 
1 minute. 
Si with a thickness of 5 nm was deposited on top of the PMMA by thermal evaporation. Silicon 
wafers were used as the silicon source. Briefly, materials were deposited when the vacuum 
chamber reached	  1	  ×10()	  psi, and the deposition rate was maintained at 0.5	  Å per second. 
The bilayer was heated on top of a hot plate in an ambient environment for 24 hours, with the 
annealing temperature set to 120℃ (Figure. 9). The wrinkles were examined by optical microscopy 
and atomic force microscopy (AFM). 
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Wax Transfer Graphene 
 
Paraffin wax was used as a carry layer instead of the conventional PMMA method. Wax solution 
(5%) was prepared by mixing hexane and paraffin wax. The wax was coated on top of the 
graphene/ copper foil by drop casting, and the foil was heated at 60	  ℃ for 30 minutes. Since 
graphene was grown on both sides of the copper foil, the uncoated graphene was etched away by 
oxygen plasma at 60 watts for three minutes. To remove the copper, the foil was left on top of the 
FeCl3 (1 M) solution for 60 minutes. A clean glass slide was used to transfer from the FeCl3 to DI 
water.  The wax and graphene layers were retrieved by inserting the bilayers substrate in the DI 






























Figure 22 AFM images of Si Nanowrinkles (5nm Si and 50 nm PMMA). 
 
 
Nanoscale Si wrinkles were produced by reducing the thickness of Si and PMMA (Figure 22), 
which agreed with the observations presented in Chapter 2. The wavelengths of the wrinkles 
were directly proportional to the thickness of PMMA. The theoretical and measured wavelength 
of the wrinkles are listed in Table 3. The theoretical wavelength was computed using the 
equation that was derived by Yoo et al, and the estimate contained about 16% error. The error 






Table 3. Theoretical and Measured Wavelengths of Si Wrinkles (5nm Si/ 50 nm PMMA). 
 
 Wavelength (nm) 
Theoretical [15] 346 






Figure 23. Graphene on Si Nanowrinkles (5nm Si and 50 nm PMMA). The scale bar is 1 um. 
 
 
In contrast to the conventional method for transferring graphene which utilizes PMMA, graphene 
was instead transferred onto the bilayer with paraffin wax as a carrying film, eliminating the risk 
of damage to the bilayer posed by the use of acetone. Paraffin wax is soluble in hexane, and as 
hexane was compatible with the bilayer the quality of the Si wrinkles was not affected. 
 
Graphene wrinkles were created by annealing the bilayer above the glass transition temperature of 
PMMA (Figure 23), and the AFM image suggesting that graphene adapted to the shape of the Si 
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Figure 24. Raman Spectra of Nanoscale Si Wrinkles with Graphene. (Red-Wrinkles, Black- 
Flat) 
 
The Raman spectra of graphene wrinkles were red shifted, indicating that graphene was under 
tensile strain. The result confirmed our hypothesis that tensile strain in graphene can be created if 
the surface area of the substrate increased without shrinking the volume of the substrate. The 
tensile strain in graphene was quantified by OriginLab (Table 4). 
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Table 4. Peak Positions of Flat and Wrinkled Graphene. 
 
 G band (cm-1) 2D band (cm-1) 
Flat Graphene 1569.6409 2660.5562 
Wrinkled Graphene 1574.0231 2676.4722 
 
The positions of the G and 2D bands in Figure 24 were identified by OriginLab, and the tensile 
strain in graphene was estimated based on the shift of the 2D band. Ni et al found that graphene 
shifted about -27.1 cm-1 for every 1% of tensile strain [5], and the Si wrinkles created 0.6% of 
tensile strain in graphene. 
 
3.4. Conclusion and Future Work 
  
 
The creation of tensile strain in graphene was successfully demonstrated by adapting the shape of 
the Si nanowrinkles. Similar results were observed by Florio et al [12], and 0.45 % of tensile 
strain in graphene was measured. More tensile strain in graphene can be achieved by the Si 
nanowrinkles, and tensile strain in graphene was 0.6%. 
For future work, systematic experiments will be required. Correlating the sizes of the Si wrinkles 
and the strain in graphene would yield information beneficial for the building of graphene 
devices, as band gaps and chemical reactivity of graphene can be modified by strains. Also, a 
better understanding of method in controlling anisotropic graphene wrinkles would be important 
for fabricating graphene devices. Non-invasive techniques such as plasma assisted wrinkles will 
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